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(54) Piezoelectric resonator and method for fabricating the same 



(57) A wafer with a reversed domain is prepared for 
two piezoelectric single crystal plates 11 and 12 having 
about the same thickness as each other by using direct 
bonding without any adhesive. Then, driving electrodes 
13 are formed on two principal planes of the wafer with 
a reversed domain to provide a piezoelectric resonator. 
A piezoelectric resonator having the structure with a 
reverses polarization and using odd-order vibration 
modes vibrating with a fundamental wave has a wave- 



length of a thickness thereof suppresses scattering of 
the thickness of the domains with a reversed polariza- 
tion. In the direct bonding, the axes of the spontaneous 
polarization of the two piezoelectric single crystal plates 
are reverse to each other and crystalline axes other 
than the axes of polarization are shifted intentionally by 
an angle other than zero. Thus, spurious modes are 
suppressed in a simple way. 
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Description 

BACKGROUND OF THE INVENTION 
FIELD OF THE INVENTION 

The present invention relates to a piezoelectric res- 
onator or filter and a method for fabricating the same. 



DESCRIPTION OF PRIOR ART 

A piezoelectric resonator is used mainly as an oscil- 
lator or as a clock element in computers, various appa- 
ratuses with a microprocessor, and other various digital 
apparatuses. A piezoelectric resonator comprises a pie- 
zoelectric plate cut from a single crystal such as quartz 
or a piezoelectric ceramic and driving electrodes formed 
appropriately on the plate. The resonator uses strong 
resonance generated by applying a driving voltage to 
the driving electrodes at a frequency around the reso- 
nance frequency determined by the sound velocity and 
the size of the piezoelectric plate. The piezoelectric res- 
onators are used widely because they have superior 
properties though they have a simple structure. 

The resonator traps vibration energy below the driv- 
ing electrodes, while it is fixed at portions outside the 
driving electrodes. Then, it can be mounted in a pack- 
age or on a print circuit board without effecting vibra- 
tions. This type of resonators is called as energy 
trapping type resonator. 

Recently, various information apparatuses such as 
a personal computer perform high speed processing. 
Then, it is demanded to increase dock frequency for 
information apparatuses and peripherals thereof such 
as hard disk drives and CD-ROM drives. For a fre- 
quency range from ten to a few tens MHz used in these 
apparatuses, resonators use thickness vibration such 
as thickness shear vibration, thickness twist vibration or 
thickness-extensional vibration having vibration fre- 
quency in reverse proportion to the thickness of the pie- 
zoelectric material. As the frequency becomes higher 
the piezoelectric material becomes thinner. For exam- 
ple, the thickness is 100 *im for frequencies exceeding 
40 MHz. Then, various problems occur such as 
decrease in relative precision on forming, decrease in 
mechanical strength and increase in cost. 

Then, it is suggested in Japanese Patent laid open 
Publication 63-311808/1988 to form layers of lithium 
n.obate with a reversed polarization in order make the 
thickness of the piezoelectric material for a particular 
frequency twice the counterpart in a previous resonator 
in correspondence to the frequency. 

Figs. 1A - 1D show side views for illustrating proc- 
esses for forming layers 102. 109 with a reversed polar- 
ization. A piezoelectric resonator 101 has driving 
electrodes 103 and 104 formed on opposing principal 
planes (top and bottom planes such as 2 plane) 102a. 
102b of a piezoelectric plate 102 cut from a lithium nio- 
bate single crystal. 



In Fig. 1 A, a wafer 105 is sliced from a lithium nio- 
bate single crystal subjected to poling, or the wafer 105 
is sliced in a direction oblique by an appropriate angle 
relative to polarization direction generated by the poling. 
5 A thin film 1 06 of titanium (Ti) is deposited on a plane of 
+c axis (or the top plane or +Z' plane in Fig. 1 A) if the 
direction of the spontaneous polarization P s is in the 
direction of an arrow shown in Fig. i A such as upward 
direction. 

io Next, it is heated at a temperature between Curie 
temperature (about 1250 °C) of lithium niobate and 
1 100 °C to diffuse titanium in the titanium thin film 106 
into the wafer 105, a domain 109 with a reversed polar- 
ization is formed, as shown enlarged in Fig. 1 B. 
is if the depth of the domain 109 with the reversed 
polarization is denoted as V, surface charges gener- 
ated in the wafer 105 under diffusion has a balance 
state when the depth V is equal to a half of the thick- 
ness T 3 of the wafer 105. Then, the depth T of the 
20 domain 109 with the reversed polarization extending 
from the top plane stops to increase further at about a 
half of the thickness T 3 of the wafer 107, and the direc- 
tion of the polarization P s * of the domain 109 becomes 
reverse to that of the polarization P s . 
25 Next, as shown in Fig. 1 C, a plurality of driving elec- 
trodes 103 and 104 are formed with patterning on the 
top and bottom planes of the wafer 1 07. Then, the wafer 
107 is cut along dash and dot lines shown in Fig. 1C so 
that each element has the opposing electrodes 103 and 
so 104. Thus, a piezoelectric resonator 101 shown in Fig 
1D is completed. 

The piezoelectric plate 102 having the polarization 
P s and the reverse polarization P s ' has a thickness 
about twice that of a prior art single domain piezoelec- 
ss trie resonator for the same frequency. For example, if 
the thickness of the prior art piezoelectric resonator is 
about 1 50 urn for vibration frequency of 26 MHz. that of 
the plate having the layers with a reversed polarization 
is about 300 jim. This is ascribed that half wavelength 
40 resonance is excited in the former while one wavelength 
resonance is excited for the latter. 

For a resonator using lithium tantalate, as 
described for example in Japanese Patent 1- 
158811/1989, a proton exchange layer is formed for 
45 reversed polarization, and a part of the polarization is 
reversed selectively. The resonator also intends to 
enhance the upper limit of frequency twice, similarly to 
the above-mentioned lithium niobate resonator. Fig. 2A 
shows a piezoelectric plate 112 cut from a 0±10° rota- 
so tion X plate of lithium tantalate single crystal which have 
a polarization P s directed from one principal plane (+X' 
plane) 1 1 2a to another principal plane (-X* plane) 1 12b. 
Then, as shown in Fig. 2B, a polyimide layer (mask) 1 13 
of thickness of about 5 urn is applied to the +X' plane 
55 1 12a by using for example spin coating. Then, as shown 
in Fig. 2C, it is immersed in a liquid for proton exchange 
processing heated at 250° for about one hour. Then, a 
proton exchange layer 1 1 5 is formed extending from the 
-X' layer 112b Then, the piezoelectric plate 112 taken 
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out from the liquid 114 and cleaned is heated at a high 
temperature, for example between 560 to 610 °C below 
the Curie temperature 620°C of the lithium tantalate for 
an appropriate time. Then, as shown in Fig. 2D, a layer 
112c with a reversed polarization having spontaneous 
polarization P s ' with a direction reverse to the polariza- 
tion P s is formed from the -X' plane 1 1 2b to a half of the 
depth of the piezoelectric plate 112. Then, as shown in 
Fig. 2E, driving electrodes 1 16 and 1 17 are formed on 
the opposing principal planes (+X' and -X' planes) 1 12a 
and 1 12b. Thus, a piezoelectric resonator 1 1 1 is com- 
pleted. 

It is a problem for a resonator made of lithium nio- 
bate or lithium tantalate having a high Q and a large 
electro-mechanical coupling coefficient that spurious 
mode is liable to occur due to unnecessary vfcration 
modes. Then, in order to excite pure vibration mode, a 
resonator is fabricated by selecting a cut angle which 
forces thickness-extensional vibrations having principal 
displacement in the thickness direction and thickness 
shear vibrations having principal displacement parallel 
to the plate. 

A thickness-extensional mode resonator couples 
weaWy with other vibration modes. Then, by using this 
property, a resonator having small spuriouses inher- 
ently can be provided. When an optimum cut angle is 
selected for lithium niobate and lithium tantalate. the 
electro-mechanical coupling coefficient of thickness 
shear vibration mode is zero and only the thickness- 
extensional mode is excited. However, energy of first 
order wave (fundamental wave) is not trapped between 
the electrodes at the cut angle, and the resonator uses 
resonance of third order harmonic wave (third over- 
tone). This is ascribed to that the Poisson ratio of the 
lithium niobate or lithium tantalate is equal to or less 
than a third, and the first order resonance energy in the 
thickness-extensional mode cannot be trapped. 

In the resonator using third order resonance, vibra- 
tions around the fundamental wave or the first order res- 
onance are recognized as unnecessary vibrations or 
spuriouses. Therefore, if they are not suppressed suffi- 
ciently, vibrations of the fundamental wave are excited. 
Further, the third order resonance has worse properties 
than the first order resonance. On the other hand, there 
is a cut angle which excite not thickness-extensional 
mode, but only thickness shear mode. 

A feature of the thickness shear mode different from 
the thickness-extensional mode is that two thickness 
shear vibrations perpendicular to each other exist at the 
same time in a plate excited with the thickness shear 
mode. Therefore, a resonator using the thickness shear 
mode has to contrive more to suppress spuriouses than 
that using the thickness-extensional mode 

A resonator using the thickness shear vibrations 
uses one of them as a main mode, and the other is rec- 
ognized as unnecessary waves (spuriouses). Usually, 
an X-cut lithium tantalate uses a mode having faster 
sound velocity and a larger coupling coefficient as the 
main mode. 



In order to suppress unnecessary waves due to 
width-extensional and length-extensional vibrations, it is 
also proposed that an element has a square size with a 
sufficient room with respect to vibration space to damp 
5 spurious resonances with a sound absorbing material. 
However, if the absorbing material extends into the 
vibration space, the vibration characteristic is worsened 
remarkably. Then, this technique is not suitable for a 
small size element. On the other hand. Japanese Patent 
■10 laid open Publication 5-160659/1993 proposes to pro- 
vide an amorphous layer or an insulating layer at a side 
of an electrode. However, for a square element, the 
above-mentioned unnecessary waves having slow 
sound velocity are excited to a level about the same as 
i5 the main waves. This situation is also observed similarly 
for a circular element. 

In order to suppress the level of unnecessary 
waves having the slower sound velocity, it is also pro- 
posed to provide a rectangular element longer along the 
20 displacement direction of main vibrations. For an X-cut 
lithium tantalate plate having good temperature charac- 
teristics, the displacement direction of thickness shear 
vibration having a faster sound velocity (main vibration) 
is -53° (Nihon Denpa Kogyo Giho. No. 6. November, 
25 1979). The displacement direction is denoted as an 
angle 8 relative to Y axis in Fig. 3A. 

A strip resonator is proposed to provide a compact 
resonator having good performance. As shown in Fig. 
3B, a strip resonator is a long parallelepiped having a 
30 rectangular section and has opposing electrodes 201 
and 201* extending along the whole width. Thickness 
twist vibration mode propagating perpendicular to the 
displacement direction of the main vibration and thick- 
ness shear vibration having slower sound velocity are 
35 suppressed, and the resonator has high Q. In order to 
suppress spurious resonances in a strip resonator, it is 
preferable that the longitudinal direction of the strip pie- 
zoelectric resonator using X-cut lithium tantalate is gen- 
erally parallel to the displacement direction of thickness 
40 shear vibration. For example, the most appropriate cut 
angle (6 relative to Y axis in Fig. 3A) is -50±2° (refer to 
Japanese Patent laid open Publication 1-36724/1989) 
or -57±0.5° (refer to Japanese Patent laid open Publica- 
tion 2-13007/1990). The above-mentioned error range 
45 of the cut angle is about a few degrees, and this range 
is allowable because it is ascribed to crystalline symme- 
try and characteristics are not affected largely. Further, 
in the strip resonator, an appropriate ratio W/H of width 
W to height H and an appropriate ratio l/H of length I to 
50 height H are determined so that spurious resonances 
due to width or length do not overlap the thickness 
shear vibration mode as main vibration. 

In order for the piezoelectric resonator 101. 111 
subjected to polarization reversal processing to satisfy 
55 properties such as resonance frequency, resonance 
resistance, dynamic range and the like required for a 
resonator, it is needed that the thicknesses of the layers 
with a reversed polarization are equal precisely to each 
other, that is. that the thickness of the layer with polari- 
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zation P s is equal precisely to that of the layer with 
polarization P s \ Further, the properties as a piezoelec- 
tric resonator are deteriorated if uniform layers of 
reversed polarization with no undulation are not formed 
in a wide range in the wafer 107, 112. 

As mentioned above, in order to form layers with a 
reversed polarization, application of a titanium thin film 
or the like is needed. Therefore, there are various 
parameters such as thickness control, stress control 
and the like, and ft is difficult to control the thickness of 
the layers with a reversed polarization precisely at the 
thickness of a half of the piezoelectric plate. Then, there 
are problems that properties such as resonance fre- 
quency, resonance resistance, dynamic range and the 
like required for a resonator become worse. 

Further, because the processing temperature for 
forrr,«r»g the layers with a reversed polarization is as high 
as she Curie temperature, it is difficult to control the 
homogeneous temperature, and it is needed to manage 
the environment in order to prevent of isolation of lith- 
ium. It is also a problem that the plate is contaminated 
by the wall of the heating chamber, and this deteriorates 
the properties for a resonator. 

Further, the preparation of the layers with a 
reversed polarization accompanies a change in compo- 
sition such as a diffusion layer of titanium or migration of 
lithium. Then, the symmetry between a domain without 
reversal of polarization and the other domain with a 
reversed polarization becomes worse, and this deterio- 
rates the properties of the resonator. 

In order solve this problem, the inventors proposed 
a layered ferroelectric device with reversed polariza- 
tions by using direct bonding of ferroelectric plates in 
Japanese Patent laid open Publication 7-206600/1995. 
In this process, polarization is reversed easily, and prop- 
erties are not deteriorated. However, the publication 
describes only bonding process, and it does not 
describe or suggest how to use the ferroelectric plate for 
fabricating a ferroelectric (piezoelectric) resonator. 

Further, even if a cut angle which excites only thick- 
ness-extensional vibration mode is selected for lithium 
niobate and lithium tantalate, there is a problem to be 
solved. Resonance energy of first order or fundamental 
wave is not trapped between the electrodes, and the 
resonator uses third order resonance. The coupling 
coefficient becomes a ninth because the coupling coef- 
ficient of n-th order resonance becomes 1/n 2 for a 
higher order resonance. Because the characteristic of 
the resonator is proportional to the coupling constant, 
the resonator using the third order harmonic wave are 
worse characteristics than the resonator using the fun- 
damental wave. Further, vibrations not trapped near the 
fundamental wave couple with other vibrations to gener- 
ate forced vibrations of fundamental wave. Then, an ele- 
ment design is needed to operate a resonator of third 
harmonic wave properly. Further fob a square or circular 
element of a resonator of a thickness shear mode, the 
thickness shear wave (main wave) having faster sound 
velocity is excited at about the same level as the thick- 



ness shear wave (unnecessary wave) having a slower 
sound velocity. 

Even if the resonator has a rectangular shape 
which is longer in the displacement direction of main 
s wave, there is a limit to suppress slower unnecessary 
waves. Further, if a strip resonator is fabricated in order 
to suppress spurious resonances, the resonator has a 
shape of a long and narrow bar, and finishing of an end 
size thereof has a large influence on the vibration char- 
ge acteristics. Even if the end size is formed precisely, Q is 
deteriorated or new spurious resonances are generated 
if the end size has a bad cutting shape. Especially if the 
size of the resonator becomes thin for high frequencies, 
the width thereof becomes narrow, and this makes tab- 
's rication difficult and the resonator weak. 

SUMMARY OF THE INVENTION 

An object of the invention is to provide a piezoelec- 
20 trie resonator having a stable structure with a reversed 
polarization. 

Another object of the invention is to provide a piezo- 
electric resonator having a structure to suppress spuri- 
ous mode efficiently. 
25 In one aspect of the invention, a piezoelectric reso- 
nator comprises two piezoelectric single crystal plates 
each having a spontaneous polarization and bonded 
directly to each other. Further, driving electrodes oppos- 
ing to each other are formed on two principal planes of 
30 the piezoelectric single crystal plates bonded directly. In 
the directly bonded structure, the axes of the spontane- 
ous polarization of the plates are reverse to each other 
and crystalline axes other than the axes of polarization 
are shifted by an angle other than zero to suppress spu- 
35 rious mode. For example, each of the piezoelectric sin- 
gle crystal plates is made of lithium niobate, lithium 
tantalate or lithium borate. 

In another aspect of the invention, in a type of the 
piezoelectric resonator of the invention, a harmonic 
40 wave of an even order (for example second order) of 
thickness-extensional mode is excited by the driving 
electrodes. 

For example, a direction of the crystalline axis per- 
pendicular to the axis of the spontaneous polarization of 
45 one of the two piezoelectric single crystal plates is 
shifted by a non-zero angle within ±15° from that of the 
other of the two piezoelectric single crystal plates. 

For example, the two piezoelectric single crystal 
plates have Poisson ratio equal to or smaller than a 
so third, an electro-mechanical coupling coefficient for 
thickness-extensional mode thereof is larger than that 
for thickness shear mode, and the driving electrodes are 
arranged to trap energy of even-order harmonic waves. 
For example, the two piezoelectric single crystal 
55 plates are made of 2-cut lithium niobate or Z-cut lithium 
tantalate, and each of the driving electrodes has a 
length and a width between 2H and 7H where H 
denotes the thickness of the resonator. 

For example, the piezoelectric resonator further 
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comprises a supporting plate supporting the directly 
bonded piezoelectric single crystal plates. The support- 
ing plate has two extension electrodes formed thereon, 
and each of the driving electrodes of the piezoelectric 
resonator is connected electrically to one of the exten- 5 
sion electrodes with an electrically conducting adhe- 
sive. The extending direction and supporting direction of 
each of the extension electrodes agrees with X axis of 
the piezoelectric single crystal plates. 

In another type of the piezoelectric resonator of the 10 
invention, a harmonic wave of an even order (for exam- 
ple second order) of thickness shear mode is excited by 
the driving electrodes. For example, a direction of the 
crystalline axis perpendicular to the axis of the sponta- 
neous polarization of one of the two piezoelectric single is 
crystal plates is shifted by a non-zero angle within ±15° 
from that of the other of the two piezoelectric single 
crystal plates. 

For example, the two piezoelectric single crystal 
plates are made of X+1 0° rotation plate of lithium tanta- 20 
late. One type of the thickness shear modes excited in 
the piezoelectric resonator having a larger electro- 
mechanical coupling coefficient is excited as a main 
wave in two types of the thickness shear vforation 
modes, while the other type thereof is suppressed. The 25 
directions of the spontaneous polarizations in the two 
piezoelectric single crystal plates are shifted by a non- 
zero angle within ±15°. to suppress unnecessary 
waves. 

For example, the two piezoelectric single crystal 30 
plates are made of X±10° rotation plates of lithium tan- 
talate, the driving electrodes are formed on parallel 
X±10° rotation planes thereof along a whole width, a 
longitudinal direction of the two piezoelectric single 
crystal plates agree with a direction rotated by an angle 35 
between 38 and 58° clockwise from Y' axis in X'-Y' 
plane. The resonator further comprises a supporting 
plate supporting the directly bonded piezoelectric single 
crystal plates, the supporting plate having two extension 
electrodes formed thereon. Each of the driving elec- 40 
trodes of the piezoelectric resonator is connected elec- 
trically to one of the extension electrodes with an 
electrically conducting adhesive at an end along a longi- 
tudinal direction of the piezoelectric single crystal 
plates. 45 

In a further aspect of the invention, in order to fabri- 
cate a piezoelectric resonator, two piezoelectric single 
crystal plates having spontaneous polarization are pol- 
ished for planes to be bonded thereof to have mirror sur- 
faces. Then, the polished planes are cleaned and made so 
hydrophilic. Then, the cleaned planes to be bonded are 
contacted so that crystalline directions of the single 
crystal plates are shifted by an angle other than zero 
and that directions of the spontaneous polarization of 
the single crystal plates are reverse to each other. Then. 55 
the contacted single crystal plates are heated to bond 
the plates directly so as to integrate the two single crys- 
tal plates. Finally, two driving electrodes opposing to 
each other are formed on two principal planes of the 



integrated plates. For example, the two piezoelectric 
single crystals have the same thicknesses. If one or 
both of the two piezoelectric single crystals are thick, 
one or two sides of the integrated two piezoelectric sin- 
gle crystal plates are polished to match the thicknesses 
of the plates after the heating step. For example, the 
piezoelectric single crystal plates are made of a single 
crystal material of lithium niobate, lithium tantalate or 
lithium borate 

An advantage of the invention is that a piezoelectric 
resonator having good frequency precision can be pro- 
vided at higher frequencies. 

BRIEF DESCRIPTION OF THE DRAWINGS 

These and other objects and features of the present 
invention will become clear from the following descrip- 
tion taken in conjunction with the preferred embodi- 
ments thereof with reference to the accompanying 
drawings, and in which: 

Figs. 1 A, 1 B, 1 C and 1 D are side vi ews for illustrat- 
ing steps for fabricating a prior art piezoelectric res- 
onator with reversed polarization; 
Figs. 2A, 2B, 2C, 2D and 2E are side views for illus- 
trating steps for fabricating a prior art piezoelectric 
resonator with reversed polarization; 
Figs. 3A and 3B are a top plan view and a perspec- 
tive view of a prior art resonator; 
Figs. 4A, 4B and 4C are side views for illustrating 
steps for fabricating a piezoelectric resonator 
according to a first embodiment of the invention; 
Fig. 5 is a graph of frequency characteristic of the 
resonator; 

Fig. 6 is a graph of frequency characteristic of a res- 
onator of comparison example; 
Fig. 7A is a schematic sectional view of a resonator 
of trapping type and Fig. 7B is a graph of dispersion 
curve; 

Fig. 8 A is a schematic sectional view of another 
resonator of trapping type and Figs. 8B and 8C are 
graphs of dispersion curve; 

Fig. 9 is a graph of frequency characteristic of the 
piezoelectric resonator; 

Fig. 10 is a graph of frequency characteristic of a 
prior art resonator; 

Figs. 1 1 A, 11 B and 1 1C are side views for illustrat- 
ing steps for fabricating a piezoelectric resonator 
according to a third embodiment of the invention; 
Figs. 12A, 12B and 12C are side views for illustrat- 
ing steps for fabricating a piezoelectric resonator 
according to a fourth embodiment of the invention; 
Fig 13 is a graph on explaining a relation of cross- 
ing width of driving electrodes and anharmonic 
higher order modes; 

Figs. 14A, 14B, 14C and 14D are graphs of fre- 
quency characteristics for four crossing widths of 
driving electrodes; 

Fig. 15 is a perspective view of a device having a 
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piezoelectric resonator; - 

Figs. 16A and 16B are graphs of frequency charac- 
teristics; 

Figs. 17A, 17B. 17C and 17D are side views for 
illustrating steps for fabricating a piezoelectric reso- 
nator according to a sixth embodiment of the inven- 
tion; 

Figs. 18A and 18B are graphs of frequency charac- 
teristic of the piezoelectric resonator according to 
the sixth embodiment of the invention; 
Figs. 19A and 19B are a top plan view and a per- 
spective view of a piezoelectric resonator according 
to a seventh embodiment of the invention; and 
Fig. 20 is a graph of frequency characteristic of the 
piezoelectric resonator. 



DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Referring now to the drawings, wherein like refer- 
ence characters designate like or corresponding parts 
throughout the views, embodiments of the invention will 
be explained. Figs. 4A - 4C illustrate steps for fabricat- 
ing a piezoelectric resonator according to a first embod- 
iment of the invention. Fig. 4A shows a side view of two 
wafers 1 1 . 12 of piezoelectric single crystals having the 
same thickness, wherein the direction of spontaneous 
polarization P s in the wafers is shown with an arrow. In 
the first embodiment, the piezoelectric single crystal 
wafers 1 1 , 12 are Z-cut plates of lithium niobate LiNb0 3 
of two inches of diameter and 50 *im of thickness T3/2" 
As shown in Fig. 4B, these two piezoelectric single crys- 
tal wafers 1 1 and 12 are integrated with direct bonding. 
Because the bonding is performed without an adhesive 
agent, but with direct bonding where bonding is per- 
formed in an atomic level, elastic loss on propagation of 
bulk wave is very small. Then, when this integrated 
body is used for a resonator, mechanical quality coeffi- 
cient Q is high and the resonator has high quality. Fur- 
ther, because the wafers are bonded in atomic level the 
direct-bonding interface has flatness similar to the mir- 
ror finish. Therefore, the thickness of the two regions 
with a reversed polarization is determined according to 
the precision of the thicknesses of the top and bottom 
side wafers 11 and 12. Because a ratio of the thick- 
nesses of the wafers with a reversed polarization is con- 
stant over the entire wafer, a resonator using the wafers 
has good properties on resonance frequency reso- 
nance resistance, dynamic range and the like. Further, 
because the mechanical strength of the direct bonding 
is very strong, it is also possible to decrease the thick- 
ness of the wafer by polishing, grinding or the like. 

Next, the direct bonding process is explained in 
detail. In the direct bonding, two wafers to be bonded as 
a unitary integrated body are polished to form mirror 
surfaces and cleaned thereafter and are subjected to 
hydrophilic treatment on the surfaces. Then, the two 
wafers are contacted closely and heated. The heating 
temperature is sufficiently lower than the temperature 



for forming- spontaneous polarization, or it is as low as 
200 to 500 °C. Therefore, troublesome control on tem- 
perature and environment is not needed, and the fabri- 
cation apparatus can be simplified. Further, the 
5 deterioration of the properties of the resonator due to 
high temperature treatment can be avoided. No bending 
or damage of the wafer and no deterioration of the 
material due to direct bonding are observed for lithium 
niobate used in this embodiment, 
w However, if the mismatching of the crystalline axes 
exceeds ±15°, the properties become worse as shown 
in Fig. 5. Therefore, it is preferable that the mismatching 
is within ±15°. More preferably, if the mismatching is 
within ±3°. the properties are about the same as the 
is best. 

In this embodiment, the polarization axis is pe 
dicular to the plane of the wafers 1 1. 12, and this 
sponds to the three-fold axis of symmetry of the 5 
crystal. When bonding is performed with reversed p«r" 
20 ization, it is preferable that the thermal expansion coef- 
ficient in the plane is matched. Then, the crystalline 
axes in the wafers are matched generally for bonding 
However, even rf the crystalline axes are not matched 
the bonding strength is decreased only a little Thus 
25 there is no problem on the bonding, and the properties 
of the resonator are decreased only a little. 

Finally, after the direct bonding, driving electrodes 
13 are formed on the top and bottom planes of the uni- 
tary integrated body of wafers with a reversed polariza- 
30 ton. Thus, as shown in Fig. 4C, a piezoelectric 
resonator is completed. An alternating voltage is 
applied to the electrodes 13. The above-mentioned 
direct-bonding piezoelectric structure can also be 
applied to a filter using piezoelectric properties. 
35 Because the resonator is made by direct-bonding 
wafers having the same thickness, the bonding interface 
becomes the interface of reversed polarizations pre- 
cisely at the position of a half of the thickness. The e- 
cision of the flatness of the interface of the wafers witn a 
40 reversed polarization is good, as shown in Fig. 4C. 
Then, the resonance at one wavelength is excited in an 
ideal state, as shown in Fig. 5. Further, the resonance 
resistance is small, the dynamic range (that is. the dif- 
ference between the maximum and the minimum of the 
45 amplitude level) is large, and spurious resonances are 
very unusual around the resonance frequency. In a prior 
art resonator made of one wafer, a half wavelength is 
excited in the thickness direction in the fundamental 
vibration mode, and the resonance frequency is about 
so 36 MHz (theoretical value). In this embodiment, two 
wafers of thickness of 50 ^m are bonded directly to fab- 
ricate a resonator of thickness of 100 urn, and the fun- 
damental mode is second vibration mode where one 
wavelength is excited in the thickness direction. Thus 
55 resonance frequency is about 72 MHz twice that of the 
prior art resonator. 

The resonator of the embodiment uses energy trap- 
ping in thickness-extensional vibrations. The resonator 
of energy trapping type explained above has properties 
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which cannot be realized with a single piezoelectric 
wafer prepared without direct bonding (hereinafter 
referred to as single plate). This is explained below. 

Usually, energy trapping in a piezoelectric resona- 
tor is realized by using energy trapping with plate thin- 
ning effect or with mass loading effect of electrode and 
plate back. Figs. 7A and 7B show a structure of a piezo- 
electric resonator of energy trapping with plate thinning 
effect and a dispersion curve thereof having Poisson 
ratio equal to or smaller than a third. Fig. 8A shows a 
structure of the piezoelectric resonator of energy trap- 
ping with mass loading effect of electrode and plate 
back, and Figs. 8B and 8C show dispersion curves 
thereof of harmonics and of the main vibration wave. 
These are explained in detail in "Elastic Element Tech- 
nology Handbook", Ohm, pp. 82 - 89. In Figs. 7B, 8B 
and 8C, <Oq denotes angle frequency of thickness vibra- 
tion waves such as thickness shear, thickness-exten- 
sional or thickness twist waves at the electrode section 
including two opposing electrodes (represented with 
hatching in Figs. 7A and 8A), g> 0 ' denotes angle fre- 
quency of thickness vibration waves at no-electrode 
sections with no electrodes, k denotes wave number 
along the plate in the electrode section, and denotes 
wave number along the plate in the non-electrode sec- 
tions. As shown in Fig. 7B. as to the main vibration of 
thickness vibration waves as in Z-cut lithium niobate 
having Poisson ratio equal to or less than a third, the 
wave numbers k and k along the direction of the plate 
becomes imaginary at frequencies higher than the cut- 
off frequency coo and © Q \ On the other hand, for har- 
monic waves, as shown in Fig. 8B, wave numbers k and 
k become imaginary at frequencies lower than the cut- 
off frequency co 0 and od 0 \ In the structure shown in Fig. 
8A, the boundary condition that k is real and k' is imag- 
inary in a range between <d c and coo' holds for harmon- 
ics. Therefore, energy is trapped in the electrode 
section. On the other hand, as shown in Fig. 8C, for the 
main vibration wave, the boundary condition that k is 
real and k is imaginary in a range between coq and <o 0 * 
does not hold, and it is difficult to take out vforation 
energy from the electrode section. In order to perform 
energy trapping of the main vibration, a boundary con- 
dition that k is real and k is imaginary has to be realized 
by decreasing co 0 *. Then, as shown in Fig. 7A, the thick- 
ness in the electrode section in narrowed. However, 
such a structure has to decrease the thickness of a part 
of the piezoelectric plate beside forming electrodes. 
Therefore, the productivity of the structure is worse, and 
fabrication itself is difficult for chemically stable materi- 
als such as lithium niobate or lithium tantalate LiTa0 3 

As explained above with reference to Figs. 7 A, 7B 
and 8A - 8C, the fundamental wave vibration and the 
harmonics have different energy trapping type for vibra- 
tion energy. Therefore, when the energy of one of the 
main vibration and the harmonics is trapped, that of the 
other leaks outside the electrodes or the other is sup- 
pressed. That is. in the structure shown in Fig. 8A, the 
energy of the fundamental wave (half- wavelength reso- 



nance) cannot be trapped, and the structure is used as 
a harmonic resonator which uses harmonics of third 
order, or higher having smaller coupling coefficients 
than the fundamental wave. Usually, the energies of res- 

5 onances of harmonics of 3. 5, 7 2n+1 (where n is a 

natural number) are also trapped between the elec- 
trodes at the same time. However, the lowest order or 
third harmonic wave is generated because the fre- 
quency characteristic of the oscillator circuit is deterio- 

10 rated at high frequencies for a piezoelectric material 
having Poisson ratio equal to or less than a third. How- 
ever, the suppression of the fundamental wave is actu- 
ally not sufficient, and if forced vibrations occur in the 
fundamental wave region, the fundamental wave is gen- 

75 erated. 

On the other hand, in the piezoelectric resonator 
fabricated with direct bonding according to the first 
embodiment, energy trapping becomes possible for a 
second harmonic resonance having a coupling constant 

20 larger than the third harmonic (about the same as the 
fundamental wave because the two wafers relate to 
vibrations), and the fundamental wave is also sup- 
pressed sufficiently. 

Fig. 9 is a graph of resonance characteristic around 

25 the main resonance of the piezoelectric resonator 
shown in Fig. 4C made of Z-cut lithium niobate wafers 
fabricated with direct bonding. On the other hand, Fig. 
10 is a graph of frequency characteristic of a Z-cut sin- 
gle plate resonator. In the graphs, the abscissa repre- 

30 sents amplitude level, and the ordinate represents the 
frequency. The attenuation becomes larger in the down- 
ward direction. In the characteristic curves, the curves 
having upward peaks represent frequency characteris- 
tic, while the curves having downward peaks represent 

35 phase characteristic. 

As to the resonance frequencies in the Z-cut lithium 
niobate piezoelectric resonator of the first embodiment 
having a total thickness of 100 um shown in Fig. 9, the 
peak for the second harmonic of thickness-extensional 

40 vibrations is more evident than the peak for the reso- 
nance of the fundamental wave. 

On the other hand, as to the resonance frequencies 
in the Z-cut single plate lithium niobate piezoelectric 
resonator, energy trapping of the fundamental wave 

45 (half wavelength resonance) having the largest coupling 
coefficient is not realized, as shown in Fig 10. Main res- 
onances occur at high frequency regions of third or 
higher order harmonics. 

As explained above, the coupling coefficient 

so becomes larger and the worsening of the characteristics 
becomes smaller with decrease in the order of har- 
monic waves. Then, by comparing the characteristics of 
the lowest excited order as shown in Figs. 9 and 10. it is 
found that the piezoelectric plate prepared with direct 

55 bonding of Z-cut lithium niobate has higher performance 
because the vibration mode of lower order which cannot 
be realized in the single plate piezoelectric plate can be 
trapped. 

In the first embodiment explained above, piezoelec- 
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trie, single crystal wafers of- the same thickness are 
bonded. However, similar advantages are realized for a 
resonator made of piezoelectric single crystal wafers of 
thicknesses different somewhat from each other. 

The Z-cut plate is used in the first embodiment i 
because the coupling constant of thickness shear vibra- 
tions excited by the driving electrodes opposing to each 
other is small and the energy trapping of the fundamen- 
tal wave is impossible because the Poisson ratio is 
equal to or smaller than a third. However, a 36° Y-cut i 
plate having similar characteristics can also be used 
and similar advantages are obtained. Lithium tantalate 
or lithium borate (Li 2 B 4 0 7 ) can also be used similarly 
instead of lithium niobate explained above. 

Further, in the first embodiment shown in Figs. 4A - / 
4C, a fabrication method for fabricating one piezoelec- 
tric resonator is explained. In a modified embodiment, 
after two wafers having a large area are bonded directly, 
a plurality of driving electrodes are formed together 
Then, the bonded wafers are cut to form a large number 
of resonators at the same time. 

Figs. 11A - 11C are side views of a piezoelectric 
resonator according to a second embodiment of the 
invention. Fig. 11A is a side view of two piezoelectric 
single crystal wafers 11,12' having different thickness 2* 
from each other. The piezoelectric single crystal wafer 
1 1 is a Z-cut lithium niobate LiNb0 3 having diameter of 
two inches and thickness T3/2" of 50 urn. and another 
wafer 12' is a Z-cut LiNb0 3 of the same size as the 
former except that the thickness V is 100 pm. The two 3c 
wafers 1 1 , 12' to be bonded are polished to form mirror 
surfaces and cleaned thereafter, and they are subjected 
to hydrophilic treatment on the surfaces. 

Next, as shown in Fig. 11B, they are subjected to 
direct bonding to be integrated as a unitary body. The 35 
heating temperature is sufficiently lower than the tem- 
perature for forming spontaneous polarization, or as low 
as 200 to 500 °C. When bonding is performed with 
reversed polarization, it is preferable that the thermal 
expansion coefficient in the plane is matched. Then, the 40 
crystalline axes in the plane are matched generally for 
bonding. However, even if the crystalline axes are not 
matched, the bonding strength is decreased only a little, 
and there is no problem on the bonding, and the proper- 
ties of the resonator are deteriorated only a little. 45 

Then, as shown in Fig. 1 1 C, the thicker wafer 1 2' at 
the bottom side is polished to decrease its thickness. 

Finally, after the direct bonding, driving electrodes 
13 are formed on the top and bottom planes of the inte- 
grated wafers with a reversed polarization, and similarly 50 
to Fig. 5, a piezoelectric resonator is completed 
Because the resonator is made by bonding a thick wafer 
to a thin waver, the whole thickness before polishing is 
thick, and the mechanical strength is large. Thus, the 
handling becomes easy. 55 

In the processes shown in Figs. 1 1 A - 1 1 C, fabrica- 
tion of one piezoelectric resonator is explained. How- 
ever, in a modified example, wafers having a large area 
are bonded directly, and a plurality of driving electrodes 



are formed together. Then, the bonded wafers are cut to 
form a large number of resonators at the same time. 

In the second embodiment, lithium niobate is used 
for the piezoelectric single crystal wafers. However, 
5 needless to say, similar advantages are observed when 
a different piezoelectric single crystal material such as 
lithium tantalate or lithium borate is used. 

Figs. 12A - 12C are side views of a piezoelectric 
resonator according to a third embodiment of the inven- 
10 tion for illustrating fabrication process of the piezoelec- 
tric resonator. Fig. 12A is a side view of two 
piezoelectric single crystal place wafers IV ,12* having 
about the same size each other. The piezoelectric sin- 
gle crystal wafers 11', 12* are Z-cut UNb0 3 having 
is diameter of 3 inches, thickness "V" of 100 jum. Next, as 
shown in Fig. 12B, they are subjected to direct bonding 
to be integrated to form a water with a reversed polari- 
zation. Then, as shown in Fig. 12C, the two planes 1 1\ 
12* of the wafers are polished to form wafers 11,12 hav- 
20 ing desired thicknesses. Finally, after the polishing or 
lapping, driving electrodes 13 (not shown) are formed 
on the top and bottom planes of the wafers 11,12 with 
reversed polarization. Thus, a piezoelectric resonator is 
completed. 

25 Because the resonator is made by boncfing the 
thick wafer 1 V to the other thick wafer 1 2*. the total thick- 
ness before polishing is thick, and the mechanical 
strength is large. Thus, the handling is easy. Further, 
because the thick wafers can be polished precisely, the 
30 precision of the thickness is improved by polishing after 
bonding the thick waters. Further, because the polarity 
of the plane to be bonded is the same in the two piezo- 
electric plates, the crystalline property thereof is also 
the same (or there is no change in crystalline composi- 
35 tion due to diffusion of titanium or the like as in the prior 
art). It is also advantageous that the polishing rate 
becomes equal for the two planes. 

There is no restriction on the cut angle of the plates. 
If the direct bonding is performed with opposite polariza- 
40 tion axes, resonance of one wavelength is observed in 
the desired mode. The specifications such as tempera- 
ture characteristic, the coupling coefficient and the like 
required for a product can be selected easily appropri- 
ately. 

*5 In the embodiment shown in Figs. 12A - 12C, one 
piezoelectric resonator is fabricated. However, in a 
modified embodiment, after wafers having a large area 
are bonded directly, a plurality of driving electrodes are 
formed together. Then, the bonded wafers are cut to 
'>o form a large number of resonators at the same time. 

In this embodiment, lithium niobate is used for a 
piezoelectric single crystal. However, needless to say, 
similar advantages are observed when a different piezo- 
electric single crystal material such as lithium tantalate 
5 or lithium borate is used. 

As explained above, the piezoelectric resonator can 
extend the upper limit of frequency by using direct bond- 
ing. It is also possible to provide a piezoelectric resona- 
tor in the thickness-extensional vibration mode which 
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cannot be provided previously. However, the piezoelec- 
tric resonator of energy trapping type has to solve the 
following contradicting conditions: If a crossing width of 
the driving electrodes becomes too wide, vibrations 
called as inharmonic overtone are excited as spuri- 
ouses, whereas if it becomes too narrow, sufficient 
energy is not trapped and the characteristics of the res- 
onator becomes worse. Therefore, it is needed to opti- 
mize the crossing width of the driving electrodes. The 
crossing width is determined experimentally. The cross- 
ing width is defined with a diameter of a circular elec- 
trode. 

Fig. 13 shows a graph for explaining a relation of 
the crossing width of the driving electrodes to spurious 
frequency of the piezoelectric resonator fabricated by 
using the processes of the first embodiment. The ordi- 
nate represents the crossing width "I" of the driving elec- 
trodes normalized with the thickness "H" of the 
resonator, while the abscissa represents spurious fre- 
quency normalized with the resonance frequency. Figs. 
14A - 14D show experimental data for cases of l/H of 3. 
4. 5 and 6. As shown in Figs. 13 and 14A - 14D, as the 
crossing width increases, spurious resonances S1 and 
S2 due to anharmonic modes appear near the main res- 
onance. This is intrinsic for an energy trapping type res- 
onator, and this is also an evidence that second 
harmonic is trapped well. 

By optimizing the crossing width of the driving elec- 
trodes, a piezoelectric resonator which is not affected 
largely is provided. As shown in Figs. 14A - 14D, the sin- 
gle mode (a mode without spuriouses) is excited practi- 
cally for l/H equal to or smaller than 3. Optimum 
crossing width is determined experimentally by chang- 
ing l/H. The level difference between the main reso- 
nance and the S1 mode or the most adjacent spurious 
resonance is equal to or smaller than 10 dB in a range 
of 2 < l/H < 7, and good spurious characteristics are 
observed in the range. 

The resonator explained above has good reproduc- 
ibility. Then, the conditions for good spurious character- 
istics become clear, and it is confirmed that resonators 
having the same characteristics can always be fabri- 
cated stably. 

The performance of the piezoelectric resonator can 
be improved further by optimizing a process for mount- 
ing it to a print circuit board. Fig. 15 shows a perspective 
view of a device using the piezoelectric resonator 51 of 
the first embodiment. The piezoelectric resonator 51 is 
mounted with an electrically conducting adhesive 54 on 
a board 52 for connecting to the external. The piezoe- 
lectric resonator 51 has electrodes at the top and bot- 
tom sides, and the electrodes are connected to the 
adhesive 54. Further, electrodes 53 are also formed on 
the board 52. and the adhesives 54 are connected to 
the electrodes 53. The extension direction of the elec- 
trodes 53 and the mounted direction of the resonator 51 
agree generally with the X axis direction of the single 
crystal wafers. 

If the extending direction of the electrodes 53 is Y 



direction, many spuriouses appear at higher frequen- 
cies than the anti-resonance frequency, as shown in 
Fig. 16B. Therefore, it is preferable that the extending 
direction of the electrodes 53 is X direction. Then, a sin- 

5 gle resonance is observed as shown in Fig. 16A. This 
feature is also found by using the resonators of the 
invention having good reproducibility. 

As explained above, in the piezoelectric resonator 
of thickness-extensional mode fabricated with direct 

10 bonding by reversing the polarization axis, the thickness 
is doubled with direct bonding, and the crossing width of 
the driving electrodes is optimized, and the extending 
direction of the electrodes is optimized. Then, the piezo- 
electric resonator has better performance at high fre- 

15 quencies than a prior art resonator. 

The piezoelectric resonator of the invention is also 
advantageous for a resonator using thickness shear 
vibration mode. Figs. 1 7A - 1 7D show steps for fabricat- 
ing a piezoelectric resonator made of X-cut wafers. Fig. 

20 17A shows a side view of two piezoelectric single crys- 
tal plates 11, 12 of X-cut lithium tantalate having the 
same thickness T3/2" of 100 urn and the same diame- 
ter of two inches. In Fig. 17A, P s denotes spontaneous 
polarization. As explained later, thickness shear vibra- 

25 tions are excited in these plates by opposing electrodes 
13. Next, as shown in Fig. 17B. the plates 1 1 and 12 are 
integrated with direct bonding by reversing the polariza- 
tion axes P s . Then, as shown in Fig. 17C. the driving 
electrodes 1 3 are formed on the top and bottom faces of 

30 the integrated wafers with reversed polarizations. By 
dividing the integrated wafers, a piezoelectric resonator 
shown in Fig. 17D is obtained. 

Because the resonator is made by bonding two 
wafers of the same thickness T3/2, the interface of 

35 bonding agrees with the interface of reversed polariza- 
tion precisely at the position of a half of the thickness. 
Because the degree of flatness of the interface of 
reversed polarization is good, resonance of one wave- 
length can be excited in an ideal state as shown in Fig, 

40 17D. Then, the resonator has small resonance resist- 
ance, large dynamic range and very small spuriouses 
around the resonance frequency. On the other hand, if 
the polarization axis is parallel to the surface for the X- 
cut plates, an electric field in a direction contributing to 

45 the reversed polarization is difficult to be generated by 
using the above-mentioned heating and proton 
exchange. Therefore, it is difficult for the prior art fabri- 
cation method to provide the piezoelectric resonator of 
the invention. 

so Further, for an X-cut±10° lithium tantalate plate, 
thickness shear waves (unnecessary waves) having 
slow sound velocity occur usually which displace per- 
pendicularly to the displacement direction of the thick- 
ness shear vibration (main vibration) having faster 

55 sound velocity. However, the unnecessary waves can 
be suppressed with direct bonding by shifting the crys- 
talline axes intentionally. Fig. 18B shows admittance 
characteristics for direct bonding with matched crystal- 
line axes. Though the total thickness after direct bond- 
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Jng. is. 200. urn, it is-found that a resonance occurs at 
about 20 MHz which corresponds to thickness shear 
waves of a single plate of thickness of 100 urn. Further, 
the resonance is of about the same level at about 16 
MHz in correspondence to that of the single plate reso- 5 
nator. The two resonances are the resonance of thick- 
ness shear waves having a faster sound velocity and 
the resonance of thickness shear waves having a 
slower sound velocity, and the displacement directions 
thereof are perpendicular to each other. 10 

These resonances are generated essentially for a 
square or circular element with square or circular elec- 
trodes, and it is difficult to suppress them. Previously, in 
order to solve this problem, for example, a ratio of length 
to width of the electrodes is changed to prevent trapping is 
of unnecessary waves, or a strip element is provided to 
suppress excitation of unnecessary waves. However, a 
high level fabrication technique is needed to form a strip 
in a thin high frequency element, and the limit of high 
frequency for such an element is about ten and a few 20 
MHz. For example, for an element of 12 MHz band, the 
optimum size is about 300 urn width, 2.0 mm length and 
150 urn height, and it becomes difficult to handle the 
element. 

This problem is solved for the piezoelectric resona- 25 
tor of an embodiment of the invention as follows: Fig. 
18A shows admittance characteristics of wafers fabri- 
cated with direct bonding with crystalline axes displaced 
by 1° intentionally. As shown in Fig. 18A, the level of the 
main wave 71 having a faster sound velocity is about the 30 
same but the shear wave 72 having a slower sound 
velocity or unnecessary waves is suppressed remarka- 
bly. This is ascribed to a difference of coupling coeffi- 
cient of electro-mechanical coupling coefficient of the 
two vibration modes. The coupling coefficient of thick- 35 
ness shear vibrations having a faster sound velocity is 
as large as 47 %, while that of thickness shear vibra- 
tions having a slower sound velocity is about 6 %. 
Because crystalline axes are shifted intentionally, dis- 
placement direction of vibrations excited in each piezo- 40 
electric material is shifted and this cause a propagation 
loss. Thus, vibration waves having a smaller coupling 
coefficient are suppressed. On the other hand, because 
vibration waves having a faster sound velocity has a 
larger coupling coefficient, a shift of the displacement 45 
direction is allowed and worsening of characteristics 
becomes smaller. By using this feature, it becomes pos- 
sible to effectively suppress unnecessary waves which 
were difficult to be suppressed previously 

In this embodiment, two X-cut plates are used, and so 
2 and Y axes thereof are shifted to suppress spuri- 
ouses. However, needless to say spuriouses can also 
be suppressed by shifting X axis. In this case, it is pref- 
erable to bond X±10° rotation wafers. For example by 
bonding an X+r rotation wafer to an X-1° rotation 55 
wafer, the displacement directions thereof are shifted a 
little from each other, and unnecessary waves are sup- 
pressed. In this case, the X and Y directions may be 
matched or shifted a little for bonding. 



If the shift of angle exceeds ±15°, the properties 
become worse similarly to the thickness-extensional 
mode resonator mentioned above. Therefore, it is pref- 
erable that the mismatching is within ±15°. More prefer- 
ably, if the shift is within ±3°, the worsening of the main 
vibration becomes smaller than suppression of unnec- 
essary waves. Thus, a thickness shear mode resonator 
having superior properties can be provided. 

This feature is particular for direct bonding which 
can integrate two wafers in a state with crystalline axes 
shifted a little from each other, and it is not realized only 
by using the reversed polarization mentioned above. 

In the above-mentioned thickness-extensional res- 
onator, the amount of generated spuriouses are small 
inherently Therefore, an effect for suppressing spuri- 
ouses by shifting she bonding angle is not apparent. 
However, a new design of the resonator may generate 
new spuriouses. However, in the fabrication processes 
explained above, it is possible to bond the wafers with 
an angle shifted by a desired amount. Therefore, unnec- 
essary vibrations having a small coupling coefficient 
may be suppressed. A shift of angle of the wafers equal 
to or larger than 0.1° is sufficient to suppress spuri- 
ouses. 

In the above-mentioned thickness shear resonator 
the integrated body with a reversed polarization has a 
thickness twice than a prior art body at the same reso- 
nance frequency. Therefore, it is superior because it has 
higher mechanical strength even if a strip element is 
fabricated. 

Fig. 19A shows a top plan view of a strip piezoelec- 
tric resonator. The resonator has a longitudinal piezoe- 
lectric bar of directly bonded wafers, and opposing 
electrodes 72 are formed along the whole width of the 
bar and have extensions along the longitudinal direc- 
tion. An X-cut lithium tantalate wafer has Z' axis (polari- 
zation axis) shifted by 0.4° relative to the Z" axis of 
another X-cut lithium tantalate wafer, and the Z' and Z" 
axes are reversed generally. The longitudinal direction 
of the strip resonator is inclined by 0.2° from the axes. 
The directions of the X axis are determined by the cut 
face of the wafer, so that they agree with each other 
generally. 

Further, as shown in Fig. 19B, electrodes 72 are 
formed along the whole width of the principal plane of 
the piezoelectric element 71 at both sides, while sides in 
the longitudinal direction are fixed by an electrically con- 
ducting adhesive 73 to a print circuit board 74 support- 
ing the piezoelectric resonator 71 . 

For example, for the above-mentioned device of 12 
MHz band having the optimum size is about 300 
width. 2.0 mm length and 150 urn height, the size is 
increased to about 300 ,im width. 2.0 mm length and 
300 urn height. Then, it becomes easy to handle the 
device. 

Further, by shifting the crystalline axes intentionally, 
the device has good spurious characteristics, and fabri- 
cation precision can be increased. 

Fig. 20 shows admittance characteristic of the pie- 
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zoelectric resonator fabricated by shifting crystalline 
axes intentionally by 0.4° and by cutting the bonded 
plates in a direction intermediate between X axes 
thereof (or 48° in an example) for the strip resonator It 
is apparent that good spurious characteristics are 
observed by suppressing unnecessary waves. 

The cut angle is not limited to the above-mentioned 
value It is possible to set an angle between 48+10° 
clockwise relative to Y axis by considering crystalline 
symmetry on displacement direction of the main wave. 
Further, shift angle between the crystalline axes is also 
admitted within ±15°. 

As explained above, a piezoelectric vforator having 
a structure with a reversed polarization can be fabri- 
cated by using a simple step of direct bonding without 
using an adhesive. Thus, vibration modes of odd order 
such as second or fourth order. Then, the thickness of 
the piezoelectric resonator can be made twice for the 
same resonance frequency than the prior art piezoelec- 
tric resonator having vibration modes of odd order such 
as first or third order. Therefore, a piezoelectric resona- 
tor having good frequency precision at higher frequen- 
cies can be provided by using a known fabrication 
technique for decreasing the thickness. 

Because the handling is easy, the productivity is 
improved, and the yield of the resonators is increased. 
By adopting direct bonding, scattering of the thickness 
of regions with a reversed polarization are suppressed, 
and the flatness of the boundary of the layers with a 
reversed polarization is improved. The properties such 
as resonance resistance and dynamic range are 
improved. 

In the resonator where the crystalline axes are 
shifted intentionally, a new advantage that spuriouses 
are suppressed is provided. 

Energy trapping in thickness-extensional mode is 
usually impossible for a piezoelectric material having 
Poisson ratio equal to or less than a third. However, for 
the resonator made of a piezoelectric material fabri- 
cated with reversal of polarization and direct bonding 
according to the invention, the energy trapping 
becomes possible in the thickness-extensional mode, 
and generation of spuriouses due to other modes is 
small. 

Further, in a thickness shear resonator having good 
temperature characteristics, the crystal axes of piezoe- 
lectric plates can be shifted intentionally to suppress 
spuriouses effectively while the thickness can be 
increased effectively. Thus, a strip resonator can be pro- 
vided which is strong and has good spurious character- 
istics at high frequencies. Needless to say, this holds 
not only for the strip resonator, but also for a resonator 
other than a strip resonator. 

In the above-mentioned embodiments, the resona- 
tors fabricated with direct bonding are explained. How- 
ever, it is apparent for a person skilled in the art that the 
above-mentioned structures fabricated by using direct 
bonding can also be applied to a filter. 

Although the present invention has been fully 



described in connection with the preferred embodi- 
ments thereof with reference to the accompanying 
drawings, it is to be noted that various changes and 
modifications are apparent to those skilled in the art. 
5 Such changes and modifications are to be understood 
as included within the scope of the present invention as 
defined by the appended claims unless they depart 
therefrom. 

10 Claims 

1 . A piezoelectric resonator comprising : 

two piezoelectric single crystal plates each 
75 having a spontaneous polarization, said two 

piezoelectric single crystal plates being 
bonded directly so that the axes of the sponta- 
neous polarization thereof are reverse to each 
other and crystalline axes other than the axes 
20 of polarization are shifted by an angle other 

than zero; and 

driving electrodes formed on two principal 
planes of said piezoelectric single crystal 
plates bonded directly, said driving electrodes 
25 opposing to each other. 

2. The piezoelectric resonator according to claim ' 1. 
wherein each of said piezoelectric single crystal 
plates is made of lithium niobate, lithium tantalate 

30 or lithium borate. 

3. The piezoelectric resonator according to daim 1, 
said two piezoelectric single crystal plates directly 
bonded having a form wherein a harmonic wave of 

35 an even order of thickness-extensional mode is 
excited by said driving electrodes. 

4. The piezoelectric resonator according to claim 3, 
wherein a direction of the crystalline axis perpen- 

40 dicular to the axis of the spontaneous polarization 
of one of said two piezoelectric single crystal plates 
is shifted within ±15° from that of the other of said 
two piezoelectric single crystal plates. 

45 5. The piezoelectric resonator according to daim 3, 
wherein said two piezoelectric single crystal plates 
have Poisson ratio equal to or smaller than a third, 
an electromechanical coupling coefficient for thick- 
ness-extensional mode thereof is larger than that 

so for thickness shear mode, and said driving elec- 
trodes are arranged to trap energy of even-order 
harmonic waves . 

6. The piezoelectric resonator according to daim 3. 
55 wherein said two piezoelectric single crystal plates 
are made of Z-cut lithium niobate or Z-cut lithium 
tantalate. and each of said driving electrodes has a 
length and a width between 2H and 7H where H 
denotes the thickness of the resonator. 
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9. 



The piezoelectric resonator according to claim 3, 
further comprising: 

a supporting plate supporting the directly 
bonded piezoelectric single crystal plates, the 
supporting plate having two extension elec- 
trodes formed thereon, each of said driving 
electrodes of said piezoelectric resonator being 
connected electrically to one of said extension 
electrodes with an electrically conducting 
adhesive, extending direction and supporting 
direction of each of the extension electrodes 
agreeing with X axis of said piezoelectric single 
crystal plates. 

The piezoelectric resonator according to claim 3, 
wherein the harmonic wave of an even order of 
thickness-extensional mode is a second order har- 
monic of thickness-extensional mode. 

The piezoelectric resonator according to claim 1, 
said two piezoelectric single crystal plates directly 
bonded having a form wherein a harmonic wave of 
an even order of thickness shear mode is excited by 
said driving electrodes 

The piezoelectric resonator according to claim 9, 
wherein a direction of the crystalline axis perpen- 
dicular to the axis of the spontaneous polarization 
of one of said two piezoelectric single crystal plates 
is shifted within ±15° from that of the other of said 
two piezoelectric single crystal plates. 

11. The piezoelectric resonator according to claim 9, 
wherein said two piezoelectric single crystal plates 
are made of X±10° rotation plate of lithium tanta- 
late, and one type of the thickness shear modes 
excited in the piezoelectric resonator having a 
larger electro-mechanical coupling coefficient is 
excited as a main wave in two types of the thickness 
shear vibration modes, while the other type thereof 
is suppressed, the directions of the spontaneous 
polarizations in said two piezoelectric single crystal 
plates being shifted within ±15°, to suppress unnec- 
essary waves. 



10. 



12. The piezoelectric resonator according to claim 9, 
said two piezoelectric single crystal plates being 
made of X±10° rotation plates of lithium tantalate, 
said driving electrodes being formed on parallel 
X±10° rotation planes thereof along a whole width, 
a longitudinal direction of said two piezoelectric sin- 
gle crystal plates agreeing with a direction rotated 
by an angle between 38 and 58° clockwise from Y 
axis in X'-Y' plane; the resonator further comprising 
a supporting plate supporting said directly bonded 
piezoelectric single crystal plates, the supporting 
plate having two extension electrodes formed ther- 
eon, each of said driving electrodes of said piezoe- 
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lectric resonator being connected electrically to one 
of said extension electrodes with an electrically 
conducting adhesive at an end along a longitudinal 
direction of sad piezoelectric single crystal plates. 

13. The piezoelectric resonator according to claim 9, 
wherein the harmonic wave of an even order of 
thickness-shear mode is a second order harmonic 
of thickness-shear mode. 

14. A method for fabricating a piezoelectric resonator 
comprising the steps of: 

providing two piezoelectric single crystal plates 
having spontaneous polarization; 
polishing planes to be bonded of the two piezo- 
electric single crystal plates to have mirrc sur- 
faces; 

cleaning the polished planes and making them 
hydrophilic; 

contacting the cleaned planes to be bonded so 
that crystalline directions of the single crystal 
plates are shifted by an angle other than zero 
and that directions of the spontaneous polari- 
zation of the single crystal plates are reverse to 
each other; 

heating the contacted single crystal plates to 
integrate the two single crystal plates; and 
forming driving electrodes on two principal 
planes of the integrated plates, the driving elec- 
trodes opposing to each other. 

15. The method according to claim 14, wherein the two 
piezoelectric single crystals have the same thick- 
nesses. 
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16. The method according to claim 14, wherein the two 
piezoelectric single crystals have thicknesses dif- 
ferent from each other, the method further compris- 
ing the step of: 

polishing one side of the integrated two piezoe- 
lectric single crystal plates to match the thick- 
nesses of the plates after the heating step. 

17. The method according to claim 14, wherein the two 
piezoelectric single crystals have thicknesses dif- 
ferent from each other, the method further compris- 
ing the step of: 

polishing two sides of the integrated two piezo- 
electric single crystal plates to match the thick- 
nesses of the plates after the heating step. 

18. The method according to claim 14. wherein said 
piezoelectric single crystal plates are made of a sin- 
gle crystal material of lithium niobate, lithium tanta- 
late or lithium borate. 



12 



EP 0 802 628 A2 



Fig. 1A PRIOR ART 



Ps 



106 

4- 



t 



105 



Fig.W PRIOR ART 

109 



Ps I 







( 


) 




i i 

t 




1 t 



Fig.W PRIOR ART 



103 


103 




103 

^77771 




Ps, 








Ps J 






) 

104 


) 

104 




) 

104 



Fig.W PRIOR ART 



PS'J 

Ps I 



103 



102a 



109 



102b 



104 



T3 



102 



,107 



-101 



13 



EP0 802 628 A2 



Fig.2A PRIOR ART 



112b 



-X' 




Fig.2B PRIOR ART 



Fig.2C 




Fig.2D PRIOR ART 



A. 



113 

2b 112c 



Fig.2E PRIOR ART 



112a 



117 112b 



116 



112a 



14 



EP 0 802 628 A2 





15 



EP 0 802 628 A2 



11 



Fig. 4 A 



FigAB 



Ps 



U 








T I 


^ Ps 
12 rs 

11 




,4—= 









H T 3 
llT 3 



12 



FigAC 



13 

4 




13 



0 



16 



EP 0 802 628 A2 



Fig. 5 



CD 

E 
< 




70MHz 



Frequency 



Fig. 6 



COMPARISON EXAMPLE 




70MHz 

Frequency 



tXNSrv^ir* <cn of/is*.?*', a 5- i 



17 



EP 0 802 628 A2 



Fig.7A PRIOR ART 

Posisson ratio a <1/3 



no-electrode 
section 


electrode 
section 


no-electrode 
section 










OJQ 


UJQ 





Fig.7B PRIOR ART 



electrode 




18 



EP 0 802 628 A2 



Fig.8A PRIOR ART 



Posisson ratio <r>1/3 



no-electrode 
section 



electrode 
section 



no-electrode 
section 



coq ' , k 



CO 



0 



COQ , k 



Fig.8B PRIOR ART 




electrode 



kk' (imaginary) 0 k.k" ( r ea') 



Fig.8C PRIOR ART 




(imaginary) 



(real) 



19 



EP 0 802 628 A2 



Fig. 9 



CD 
> 
CD 

CD 

Z3 

"Q. 

E 
< 



Fundamental 
wave 



Second harmonic 




Frequency 



Fig. 10 



COMPARISON EXAMPLE 

Fundamental 
wave 




Frequency 



Fifth harmonic 



20 



EP 0 802 628 A2 



11 

i- 



PS 



Fig. 1 1A 



Ps 



Q T 3 /2 



12' 



11 



Fig.11B 



1 \ 


r 


i 

Ps 





12' 



Fig. 11 C 



Ps 






r 










Ps 







,11 

^12 



21 



EP 0 802 628 A2 



Fig. 12A 



Fig. 12B 



4- 



12' 
11' 

-4- 



Ps 



Ps 



Ps 



Ps 



12' 



Fig. 12C 





1 


1 


f ^ 










Ps 







,11 

12 



22 



EP 0 802 628 A2 



Fig. 13 



U 

c 
cr 

CD 



CD 

o 
cz 

CO 

a 
O 

CO 
CD 



CD 
N 

"CO 

E 





S1 mode 




I SO mode 




S2 mode 









l/H 



F/g. 744 



F/g. 14B 




Frequency 




Frequency 



Fig.UC 



CD 
> 

CD 
"O 



CL 

E 
< 



_A 


l/H=5 







Fig.14D 



CD 
> 

CD 
=5 

E 
< 



■ A 


l/H=6 







Frequency 



Frequency 



23 



EP 0 802 628 A2 




Fig.16A 



Second harmonic 




Frequency 




24 



EP 0 802 628 A2 



Fig. 1 7 A 



Fig. 1 7B 



11 

4 



Ps*- 



-t 

12 
11 

4 



Ps- 



Ps- 



1- 

12 



Ps- 



X axis 



3Ht 3 /2 

Z axis- 



]lT 3 /2 



X axis 



Z axis 



F/p. r 7C 



13 



13 13 

7771 EZ^2 



Ps- 
Ps- 



yyysA izzzzzi v/?/A 



v;/sa EZZZ2 EZZZZ 



.11 

^12 



11* 
12* 



13 










\ Ps 







13 



25 



EP 0 802 628 A2 





26 



EP 0 802 628 A2 



Fig. 19A 

First reference axis 
A JZ" axis 




Z f axis 



Fig.WB 



71 72 





Frequency 



27 



T H1S PAGE BlMWUo*™ 



(19) 



J 



(12) 



(88) Date of publication A3: 

Oa 04.1 998 Bulletin 1998/15 

(43) Date of publication A2: 

22.1 0.1 997 Bulletin 1 997/43 

(21) Application number: 97106142.9 

(22) Date of filing: 15.04.1997 



Europaisches Patentamt 
European Patent Office 
Office europeen des brevets (11) EP 0 802 628 A3 

EUROPEAN PATENT APPLICATION 

(51) int. Cl. 6 : H03H 9/17 



(84) 


Designated Contracting States: 


• Takeda, Katsu 


DE FR GB 


Osaka-shi, Osaka-fu 537 (JP) 






• Tom'rta, Yoshihiro 


(30) 


Priority: 16.04.1996 J P 94000/96 


Osaka-shi, Osaka-fu 534 (JP) 






• Kawasaki, Osamu 


(71) 


Applicant: 


Tsuzuki-gun, Kyoto-fu 610-03 (JP) 




MATSUSHITA ELECTRIC INDUSTRIAL CO., LTD. 






Kadoma-shi, Osaka-fu, 571 (JP) 


(74) Representative: 






Eisenfuhr, Speiser & Partner 


(72) 


Inventors: 


Martinistrasse 24 


• 


Sugimoto, Masato 


28195 Bremen (DE) 




Yodogawa-ku, Osaka-shi, Osaka-fu 532 (JP) 





CO 

< 

CO 
CM 
CO 

CM 
O 
CO 



(54) Piezoelectric resonator and method for fabricating the same 



(57) A wafer with a reversed domain is prepared for 
two piezoelectric single crystal plates 11 and 12 having 
about the same thickness as each other by using direct 
bonding without any adhesive. Then, driving electrodes 
13 are formed on two principal planes of the wafer with 
a reversed domain to provide a piezoelectric resonator. 
A piezoelectric resonator having the structure with a 
reverses polarization and using odd-order vibration 
modes vibrating with a fundamental wave has a wave- 



length of a thickness thereof suppresses scattering of 
the thickness of the domains with a reversed polariza- 
tion. In the direct bonding, the axes of the spontaneous 
polarization of the two piezoelectric single crystal plates 
are reverse to each other and crystalline axes other 
than the axes of polarization are shifted intentionally by 
an angle other than zero. Thus, spurious modes are 
suppressed in a simple way. 



Fig.4C 




Q_ 
LU 



Primed &/ /e-o/ {UK) Business Services 
2^12/^4 



EP 0 802 628 A3 



European Patent 
Office 



EUROPEAN SEARCH REPORT 



Application Number 

EP 97 1G 6142 



DOCUMENTS CONSIDERED TO BE RELEVANT 



Category 



Citation of document with indication, where appropriate, 
of relevant passages 



US 5 319 324 A (SATOH YUKI ET AL) 

* column 3, line 67 - column 4, line 3 * 

* column 9, line 44 - line 64 * 

PATENT ABSTRACTS OF JAPAN 
vol. 095, no. Oil, 26 December 1995 
& JP 07 206600 A (MATSUSHITA ELECTRIC IND 
CO LTD), 8 August 1995, 

* abstract * 



The present search report has been drawn up for aJl claims 



Place ol &ea*ch 



THE HAGUE 



Dale ol completion of the seaich 

11 February 1998 



Relevant 
to cf aim 



1,3,14 



1,2,14 



CATEGORY OF CITED DOCUMENTS 

X : particularly relevant if taken alone 

Y : particularly relevant it combined with another 

document of the lame category 
A : technoiogical background 
O : non-wntten disclosure 
P : intermediate document 



CLASSIFICATION OF THE 
APPLICATION (lntCL6) 



H03H9/17 



TECHNICAL FIELDS 
SEARCHED <lnt.C1.6) 



H03H 



0/L PINTA BALLE. 



T theory or principle underlying the invention 
E : earlier patent document, but published on, or 

after the Wing date 
D : document cited in the £ 
L : document cited for other r 

& : member of the same patent family, corresponding 
document 



2 



